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Abstract 
 
This paper studies the synthesis of triacylglycerols (TAGs) rich in palmitic acid 
(PA) at position 2, from palm oil stearin (POS), a vegetable oil highly rich in this acid 
(60%). The developed process consists of two steps: (1) obtaining PA enriched free 
fatty acids (FFAs), and (2) enrichment of POS in PA by acidolysis of this oil with PA 
enriched FFAs, catalyzed by lipase Novozym 435. In step (1) two PA enriched FFA 
mixtures were obtained: one by saponification of POS, and a PA concentrate (75.1% 
PA) obtained by crystallization at low temperature in solvents. The latter was obtained 
carrying out two crystallizations in acetone at -24 and -20 ºC, from which PA was 
recovered in the solid phases with a total yield of 84%. These PA enriched FFA 
mixtures were used in step (2) of acidolysis of POS, along with commercial PA (98% 
PA). In this acidolysis step four factors were studied: temperature, hexane/reaction 
mixture ratio, FFA/POS molar ratio and the intensity of treatment (IOT = lipase amount 
× reaction time/POS amount). The best results (TAGs with 79% PA and 75% PA at 
position 2) were obtained with commercial PA, at 37 ºC, 10 mL hexane/g reaction 
mixture, a FFA/POS molar ratio 3:1 (1:1 w/w) and an IOT = 9.6 g lipase × h/g POS (for 
example 48 h, 10 g lipase and 50 g POS). PA enriched TAGs were purified neutralizing 
the FFAs by KOH hydroethanolic solutions and extracting the TAGs with hexane. In 
this way 99% pure acylglycerols (TAG+DAG) were obtained; the recovery yield of this 
purification step was 95%. The experiments carried out with POS demonstrated that it is 
possible to use only this oil (60% PA, 23% PA at position 2) as a source of PA to obtain 
a TAG with 70.7% PA and 70.5% PA at position 2. This process consists of four steps: 
(1) saponification of POS, (2) crystallization of FFAs to obtain PA enriched FFAs 
(75.1% PA), (3) acidolysis of POS with these FFAs, catalyzed with Novozym 435, to 
produce PA enriched TAGs at position 2 (70.5% PA) and (4) purification of TAGs to 
obtain approximately 95% purity and yield. These PA enriched TAGs could be used to 
obtain structured TAGs rich in PA at position 2 and in oleic acid at positions 1 and 3 
(OPO), which is the principal TAG of human milk fat. 
 
Key words: palm oil stearin (POS), palmitic acid, triacylglycerols, acidolysis, lipase, 
Novozym 435. 
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1. Introduction 
 
The fatty acid composition of triacylglycerols (TAGs) of the diet, and especially 
their distribution in the TAG molecule, play an important role in the absorption of fatty 
acids and other nutrients [1-3]. The absorption of palmitic acid (PA) has been widely 
studied, since this fatty acid is important in infant nutrition [4-7]. The PA content of 
human milk is 20-25% of total fatty acids, with 65-70% of total PA at the central 
position of the TAG molecule [8, 9]. Studies comparing PA absorption from human 
milk and from infant formulas with the absorption from formulas with PA mostly at the 
extreme positions, conclude that it is considerably higher in infants fed with human 
milk or infant formulas with PA at position 2; this higher absorption also involves a 
decrease in the loss of calcium via fecal [10-12]. It is therefore important to synthesize 
TAGs with a composition and distribution of fatty acids similar to those of human milk. 
In particular there is considerable interest in the synthesis of 1,3-diolein-2-palmitin 
(OPO), which is the most abundant TAG in human milk. 
 Several types of enzymatic reactions appear in the literature to synthesize 
structured TAGs rich in PA at position 2 and in other fatty acids at positions 1 and 3 
(oleic acid, caprylic acid, etc.). The most direct procedure is the acidolysis of an oil rich 
in PA at position 2 and oleic or caprylic acid, catalyzed by a 1,3 specific lipase. Sahin et 
al. [13] carried out the enzymatic acidolysis of tripalmitin and free fatty acids from 
hazelnut oil and stearic acid to synthesize fat substitute of human milk. Lai et al. [14] 
synthesized structured lipids by acidolysis of palm olein and caprylic acid, catalyzed by 
Lipozyme IM 60; they obtained a mixture of TAGs where the main one was that with 
the caprylic-oleic-caprylic structure; caprylic acid incorporation attained 30.5% and 
position 2 contained 21.3% PA and 60.7% oleic acid.  
Schmid et al. [15] and Pfeffer et al. [16] synthesized the structured TAG oleic-
palmitic-oleic by a two-step enzymatic process: alcoholysis of tripalmitin with ethanol 
to produce 2-monopalmitin and esterification of the latter with oleic acid, catalyzing 
both reactions with 1,3 specific lipases. Schmid et al. [15] obtained the structured TAG 
OPO with 96% PA at position 2 and 90% oleic acid at positions 1 and 3. Pfeffer et al. 
[16] produced 2-monopalmitin with 77% purity and 73% yield in the alcoholysis 
reaction and, finally, OPO with 95% purity and 90% yield in the esterification reaction. 
Structured TAGs can also be obtained by enzymatic interesterification between 
oils; this reaction causes an exchange of fatty acids and a random distribution at the 
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three positions, which modifies the physical properties and the posterior absorption of 
fatty acids [17]. Maduko and Park [18] modified the structure of TAGs in vegetable oil 
blends by interesterification reactions between these blends and tripalmitin, catalyzed 
by Lipozyme RM IM. These authors investigated the incorporation of palmitic, oleic 
and linoleic acids at position 2 of TAGs and obtained fatty acid profiles quite similar to 
those of human milk, with a high percentage of PA at position 2 (around 64-66%).   
 On the other hand, other authors have used animal fats as feedstock to produce 
human milk fat substitute (HMFS) [19-21]. Nielsen et al. [21] produced HMFS by 
acidolysis of lard and soybean oil fatty acids. Lard oil contains 29.5% PA (74% at 
position 2, similar to human milk). In this acidolysis reaction PA contents were 
maintained, but the contents of linoleic and linolenic acids increased from 9.2% and 
0.8% to 23.8% and 2.3%, respectively; at position 2 only the linoleic acid content 
increased from 3.2 to 4.8%. This reaction was catalyzed by Lipozyme RM IM 
immobilized in a packed bed reactor. However, consumers may be reluctant to use 
animal fats for infant feeding. 
Most of these methods are based on TAGs rich in PA at position 2, such as 
tripalmitin. However in vegetable oils (such as palm oil), the main constituents of infant 
formulas, PA is located predominantly at the extreme positions [22]. Methods to 
produce TAGs rich in PA at position 2 are therefore of great potential industrial interest, 
since these TAGs are not produced at industrial levels. Chen et al. [23] synthesized 
tripalmitin from glycerol and ethyl palmitate catalyzed by Novozym 435 under vacuum; 
about 88% conversion with 91% molar of tripalmitin was attained after 36 h of reaction; 
ethyl palmitate was previously obtained by a three-step process: (i) saponification of 
palm oil, (ii) low temperature fractionation of palm oil fatty acids and (iii) 
transformation of palmitic acid into ethyl palmitate. 
The aim of this work was to produce TAGs rich in PA at position 2 from a 
vegetable oil (palm oil stearin) by a two-step process: 1) obtaining PA enriched free 
fatty acids (FFAs) by low temperature fractionation and 2) enrichment of the palm oil 
stearin in PA by acidolysis of this oil and several PA enriched FFAs, including those 
obtained in step  1). In future works these TAGs will be used to synthesize TAGs with 
the structure oleic-palmitic-oleic (OPO) or caprylic-palmitic-caprylic (CPC).  
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2. Materials and Methods  
 
2.1. Lipases and chemicals 
 
The chemicals used were palm oil stearin (POS, Brudy Technology S.L., 
Barcelona, Spain), whose fatty acid composition is shown in Table 1, commercial 
palmitic acid (98% purity), hexane (95%) and other reagents of analytical grade 
(Panreac, S.A., Barcelona, Spain). The lipase used to catalyze the acidolysis reaction 
was Novozym 435 (kindly donated by Novozymes A/S, Bagsvaerd, Denmark); this 
lipase comes from Candida antarctica and is supplied immobilized on a macroporous 
acrylic resin. Usually this lipase does not show positional specificity when the substrate 
is a triacylglycerol (TAGs), although under certain conditions it can show 1,3 positional 
specificity [24]. Pancreatic lipase (type II from pig pancreas, Sigma, Spain) was used in 
order to determine the percentage of fatty acid at position 2 of the TAGs. 
 
Table 1 
Fatty acid composition (mol %) of palm oil stearin (POS). 
TAGs DAGs 
Fatty acid 
Totala  Position 2b Totala 
14:0 1.4 n.d. n.d 
16:0 60.0 23.0 58.0 
18:0 5.1 0.7 n.d 
18:1n9 29.0 65.2 39.5 
18:2n6 4.5 11.1 2.5 
Percentage of lipidic 
species (mol %) 95.5 4.5 
a
 Fatty acid content of total fatty acids.  
b
 Fatty acid content of total fatty acids at position 2 of TAGs (composition of 2-
MAGs applying the pancreatic lipase method). 
 
 
2.2. Obtaining free fatty acids (FFAs) highly rich in palmitic and oleic acids 
 
The POS saponification with a hydroalcoholic solution of NaOH was carried out 
following the method described in [25], obtaining FFAs extract with the same 
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composition as the initial POS. Fractions rich in PA and in oleic acid (OA) were 
obtained from these FFA extracts by crystallization in solvent following the work of 
Chen et al. [23] with some modifications (Figure 1). Figure 1 indicates the 
crystallization procedure; by this method PA enriched solid fractions were obtained, 
whereas the liquid fractions were rich in OA.  
 
 
Fig. 1. Experimental procedure for obtaining palmitic acid (PA) and oleic acid (OA) 
enriched FFAs. 
 
2.3. Acidolysis catalyzed by lipase Novozym 435 in a stirred tank reactor  
 
The acidolysis reactions were as follows: 
 
 
A typical reaction mixture consisted of POS, 2.5 g, FFAs (FFA extract of POS, 
PA concentrate obtained by crystallization or commercial PA), 2.5 g, hexane, 50 mL, 
PALM  OIL STEARIN (POS) 
NaOH 3.75 N (50% EtOH), 65ºC, 30 min. 
 FFAs EXTRACT OF POS 
Solid Fraction PA1 
First crystallization in acetone: 1:40 w/v 
(g FFA/mL solvent), -24ºC, 24 h. 
 
Liquid Fraction OA1 
Second crystallization in acetone: 1:20 
w/v (g FFA/mL solvent), -24ºC, 24 h. 
Solid Fraction PA2 Liquid Fraction OA2 
Solid Fraction OA3 Liquid Fraction, 
Discarded 
Crystallization in acetonitrile: 1:60 
w/v (g FFA/mL solvent), -20ºC, 24 h. 
Palm Oil 
 Stearin 
Rich Palmitic  
Acid FFA 
Enriched Palmitic  
Acid Oil 
Free Fatty Acids 
(Palmitic Acid  
and Others) 
+ + 
Random Lipase 
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and lipase Novozym 435, 0.5 g. These amounts determined a FFA/POS molar ratio of 
3:1 and a hexane/reaction mixture ratio of 10 mL/g. This reaction mixture was placed in 
Erlenmeyer flasks with silicone-capped stoppers. The mixture was incubated at 37 ºC or 
50 ºC and agitated in an orbital shaking air-bath at 200 rpm for 24 h (Inkubator 1000, 
Unimax 1010 Heidolph, Klein, Germany). The reactions were stopped by separation of 
lipase by filtration. The lipase was then washed with an acetone/ethanol mixture (1:1, 
v/v) and dried under vacuum. 
 This reaction was also carried out in jacketed stirred tank reactors of 1.5 L. In 
this case, the reaction mixture consisted of POS, 50 g; commercial PA, 50 g; lipase 
Novozym 435, 10 g, and hexane, 1 L. The reaction mixture was continuously agitated to 
prevent deposition of the lipase. The reaction temperature was 37 ºC and maximum 
reaction time was 96 h. All reactions and their corresponding analyses were carried out 
in duplicate, therefore each data is the arithmetic mean of four experimental data; 
standard deviations were always below 8%. 
 
2.4. Identification of the reaction products and determination of molar fractions of fatty 
acids in triacylglycerols  
 
The acidolysis reactions, crystallizations and purification processes give 
acylglycerols (mono-, di- and triacylglycerols) and FFAs mixtures. Each of these lipidic 
species was identified and quantified by thin layer chromatography (TLC) with a FID 
detector in an Iatroscan MK-6s (New Technology System Europe, Rome, Italy). 1 µL of 
sample (at a concentration of 10 mg/mL) was deposited on the Chromarods-SIII and 
separation was carried out with the mobile phase benzene/chloroform/acetic acid 
50:20:0.7 (v/v/v).  
The fatty acid composition of each of the lipidic species was determined by 
preparative TLC followed by gas chromatography (GC), following the methods already 
described in various articles [26-29].  
 
2.5. Purification of PA enriched TAGs   
 
The acidolysis reaction products (TAGs and FFAs) were separated by 
neutralization of FFAs with KOH 0.5 N hydroethanolic solution (30% ethanol) at room 
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temperature, and extraction of TAGs by hexane [26]. Figure 2 a and b show the 
purification process.   
In the first procedure (Figure 2a) hexane was added to the acidolysis reaction 
products to a concentration of 10 mg/mL (volume V of hexanic solution). Then, 1.5 
times the number of equivalents of KOH required to neutralize the FFAs were added 
(KOH 0.5 N hydroethanolic solution volume (30% ethanol) = 30×V×FFA 
percentage/256, considering PA as representative of all the FFAs, molecular weight = 
256). The mixture was then shaken and left to decant for about 5 min, clearly showing 
two phases. The upper hexanic phase was withdrawn (hexanic phase I). Hexane was 
added to the hydroalcoholic phase I (hexane volume V/2). This was agitated and left to 
stand for about 5 min to complete removal of the hexane phase II. In this process TAGs 
were removed in the hexanic phases, while the potassium salts of FFAs remained in the 
hydroalcoholic phase. 
 
 
Fig. 2a. Experimental procedure I for purification of TAGs from the final acidolysis 
mixture. 
 
In the second procedure (Figure 2b) the acidolysis reaction products were diluted 
to a concentration of 20 mg/mL by the addition of hexane (volume V’ of hexanic 
solution). Then, 1.5 times the number of equivalents of KOH required to neutralize the 
FFAs were added (KOH 0.5 N hydroethanolic solution volume (30% ethanol) = 
FINAL ACIDOLYSIS REACTION MIXTURE 
+  n-hexane 
V = final reaction mixture volume, concentration 10 mg/mL 
+ (30×V×FFAs percentage/256) KOH 0.5 N (30% ethanol) 
Shaking and decanting for 5 min. 
HEXANIC PHASE I (TAGs) HYDROETHANOLIC PHASE I (FFAs + TAGs) 
+ V/2 n-hexane 
Shaking and decanting for 5 min. 
HEXANIC PHASE II (TAGs) HYDROETHANOLIC PHASE II (FFAs) 
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60×V’×FFA percentage/256). The mixture was agitated and hexane (V’/2 volume) and 
water (V’/10) were added; the mixture was again agitated and centrifuged at 3500 rpm 
for 4 min. As a result, three phases were observed, an upper hexanic phase I, an 
intermediate viscous phase and a lower hydroalcoholic phase. The hexanic phase was 
withdrawn, and V’/10 volumes of hexane and water were added to the other phases; 
after shaking and allowing it to stand, three phases were again observed. The lower 
hydroethanolic phase II was discarded and the others were washed 5 times with water 
(V’/10), to obtain a final hexanic phase II separated from an aqueous phase which was 
discarded.  
 
 
Fig. 2b. Experimental procedure II for purification of TAGs from the final acidolysis 
mixture. 
 
2.6. Determination of the positional distribution of fatty acids in TAGs by pancreatic 
lipase method  
 
FINAL ACIDOLYSIS REACTION MIXTURE 
+  n-hexane 
V’ = final reaction mixture volume, concentration 20 mg/mL 
+ (60×V’×FFAs percentage/256) KOH 0.5 N (30% ethanol)  
Shaking 
HEXANIC PHASE I (TAGs) 
+ V’/10 n-hexane 
+ V’/10 water 
Shaking 
HEXANIC + INTERMEDIATE PHASES  HYDROETHANOLIC PHASE II (FFAs) 
+ V’/2  n-hexane 
+ V’/10  water 
Shaking, centrifugation (3500 rpm, 4 min.) 
INTERMEDIATE PHASE + HYDROETHANOLIC PHASE I 
5 × V’/10 washed with water 
HEXANIC PHASE II (TAGs) WATERY PHASE 
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This determination was made on samples of TAGs after removing FFAs. This 
method is based on enzymatic hydrolysis carried out following the method described in 
[28]. The method was applied to 0.5 mL of a TAG solution in hexane at a concentration 
of 0.2 g/mL. The extract obtained after hydrolysis was analyzed by TLC using the 
mobile phase chloroform/acetone/methanol 95:4.5:0.5 (v/v/v). Analysis of the 2-MAG 
spot by GC gave the fatty acid profile of position 2 of TAGs. 
 
3. Results and discussion 
 
The aim of this work was to obtain triacylglycerols (TAGs) enriched in palmitic 
acid (PA) at position 2; these TAGs are intermediate compounds for the synthesis of 
structured TAGs with the structure oleic–palmitic–oleic (OPO, 1,3-diolein-2-
monopalmitin), which is the major TAG in human milk. As Table 2 shows, although the 
PA content is not high (21.8%), this acid account for 44.8% of total fatty acids at 
position 2, i. e. 68% of total PA in human milk is at position 2 of TAGs. However, 
although the oleic acid (OA) content is higher (33.9%), the content of this acid at 
position 2 is only 9.2% [30]. 
 
Table 2 
Typical composition and distribution (mol %) of the most 
representative fatty acids in human milk triacylglycerols [30]. 
Fatty acid Totala Position 2b % Position 2c 
12:0 4.9 5.3 36.0 
14:0 6.6 11.2 57.0 
16:0 21.8 44.8 68.0 
18:0 8.0 1.2 5.0 
18:1n9 33.9 9.2 9.0 
18:2n6 13.2 7.1 18.0 
18:3n3 1.2 n.d. n.d. 
a, b
 as in Table 1.  
c
 Fatty acid percentage at position 2 with respect to the total content of that fatty 
acid in the TAGs. 
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Natural vegetable oils contain much less PA at position 2. Although it is 
currently being investigated, to our knowledge there are as yet no commercially 
available methods for the enrichment of position 2 in specific fatty acids. For this 
reason, the usual methodology has consisted of obtaining TAGs rich in PA at all the 
three positions and then replacing positions 1 and 3 of TAGs with other fatty acids 
using 1,3 specific lipases. For the first step some researchers have opted for the 
synthesis of tripalmitin by enzymatic esterification of glycerol with PA [23]. In this 
work we have opted to modify a natural oil rich in PA by enzymatic acidolysis of this 
oil with PA concentrates. The oil chosen is palm oil stearin (POS), which contains 60% 
PA, of which 23% is at position 2 (Table 1).  
The palmitic acid (PA) used in the acidolysis reaction was commercial PA 
(section 2.1) and also various PA concentrates obtained from POS by: (i) saponification 
of oil (the fatty acid extract obtained in this saponification has also been used to enrich 
the oil in PA) and (ii) crystallization at low temperature with solvents to obtain a new 
FFA mixture with a higher concentration of PA. In this crystallization we have also 
obtained a fraction rich in OA, which can be used in a second acidolysis reaction to 
obtain structured TAGs with the structure OPO.  
The lipase chosen to obtain PA enriched TAGs was Novozym 435, which is not 
a 1,3 specific lipase, and so it also acts on position 2. 
 
3.1. Obtaining FFA fractions rich in PA from palm oil stearin (POS) 
 
The saponification of POS produces a FFA extract with 60% PA and 29% OA 
(Table 3), which are similar percentages to those in the original oil. The low 
temperature fractionation of a FFA mixture must produce a solid fraction richer in 
saturated fatty acids, such as PA and stearic acid, and a liquid fraction richer in 
unsaturated fatty acids, such as OA and linoleic acid (Table 3). The crystallization 
procedure shown in Figure 1 (section 2.2) was carried out to obtain FFA mixtures richer 
in PA and OA. Table 3 shows that the first crystallization in acetone (40 mL/g of FFA 
extract) gave a crystalline fraction (PA1) with 75.4% PA, recovering in this fraction 
79.8% of initial PA. The second crystallization of the liquid fraction from the first 
crystallization (OA1, with 12.5% PA) (with 20 mL acetone/g of concentrate OA1), 
provides a fraction with 69.1% PA and in which 4.2% of initial PA is recovered. Thus, 
combining the solid fractions PA1 and PA2 a total PA recovery of about 84% was 
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achieved, with a purity of 75.1%.  Chen et al. [23] enriched palm oil FFAs from 40% 
PA to 87.8% by a similar procedure. This greater concentration may be because palm 
oil contains 55% unsaturated fatty acids (45% saturated), while POS contains 33.5% 
unsaturated ones (Table 1). Therefore, larger amounts of unsaturated fatty acids can be 
removed in the liquid fractions from palm oil than from POS.  
In these crystallizations the liquid fractions OA1 and OA2 and also the final 
solid fraction OA3 are rich in OA (Figure 1). Table 3 shows that the first crystallization 
in acetone produced a liquid fraction with 72.2% OA and a recovery of over 85% 
(fraction OA1). A second crystallization of this liquid phase gave rise to a liquid 
fraction with 80.3% OA and a recovery yield of 77.5% (of OA in the initial POS). This 
second crystallization is necessary to increase the OA concentration in the liquid phase 
from 72.2 to 80.3%, although the PA recovered is low (4.2%). The third crystallization 
was carried out in acetonitrile (60 mL/g of concentrate OA2), obtaining a crystalline 
phase OA3 with 87.9% OA, although the total recovery yield of OA decreased to 
55.6%. Therefore this procedure increased the OA concentration threefold. Although 
this third crystallization achieved a higher purity of OA, the yield decreased from 77.5% 
to 55.6%, so it might not be justified. Chen et al. [23] obtained a FFA fraction with 96% 
OA (78% total recovery yield) starting from palm oil FFAs (42.5% OA) also using three 
crystallization steps; thus the OA concentration was multiplied by 2.2, although a higher 
OA recovery yield was attained. 
Table 3 also shows that FFAs are not pure because saponification of POS was 
not quantitative. However, the non-saponified acylglycerols tend to remain in the liquid 
phases, and so they are mostly in the final liquid phase from the third crystallization, 
which was discarded. 
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Table 3 
Fatty acid composition (mol %) of FFAs enriched in PA and OA obtained by 
saponification of POS and crystallization of FFAs mixture (Fig. 1). 
First 
crystallization in 
acetone 
Second 
crystallization in 
acetone 
Third 
crystallization in 
acetonitrile Fatty acid 
Initial 
FFAs 
mixture Solid 
phase 
PA1 
Liquid 
phase 
OA1 
Solid 
phase 
PA2 
Liquid 
phase 
OA2 
Solid phase OA3 
14:0 1.4 1.5 2.8 3.9 2.8 2.0 
16:0 60.0 75.4 12.5 69.1 4.4 4.8 
18:0 5.1 6.7 1.3 7.0 0.5 0.5 
18:1n9 29.0 14.3 72.2 17.5 80.3 87.9 
18:2n6 4.5 2.1 11.2 2.5 12.0 4.8 
PA yield (%)a  79.8  4.2   
OA yield (%)a   85.4  77.5 55.6 
FFA (mol %)b 95.9 98.0 91.6 93.8 91.7 93.5 
a
 Percentage of PA and OA recovered with respect to the PA and OA, respectively, contained in FFAs 
mixture obtained by saponification of POS. 
b
 Percentage of FFAs in each concentrated fraction. 
 
3.2. Enzymatic acidolysis of palm oil stearin (POS) with palmitic acid (PA) catalyzed by 
Novozym 435 
 
3.2.1. Influence of temperature, solvent amount and FFA/POS molar ratio 
 
Usually the temperature of an enzymatic reaction is chosen bearing in mind the 
activity and stability of the enzyme, but in this reaction we must also take into account 
the fact that PA has a melting point of 63 ºC and the temperature chosen must guarantee 
that the substrates rich in this acid remain liquid. However, this temperature can be 
lower if a solvent is used. Acidolysis experiments have therefore been carried out with 
several PA concentrates at both 37 ºC and 10 mL hexane/g reaction mixture and at 50 
ºC and only 0.8 mL hexane/g reaction mixture. As Table 4 shows, the greater the PA 
contents of the FFAs the greater the enrichment in PA, both at all three positions and at 
position 2. At 37 ºC, with the FFA extract from the saponification of POS, are obtained 
TAGs with 61.4% PA, which is approximately the same PA content as in FFAs and 
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POS (both  have 60% PA). However the PA content at position 2 increases from 23% 
(Table 1) to 48.4% (Table 4). When FFAs enriched in PA by crystallization were used 
the PA content at position 2 increased to 60.3% and to 68.2% using commercial PA.  
The high melting point of POS and PA concentrates makes it difficult to carry 
out the acidolysis reaction without solvent, since it would require a minimum 
temperature of about 65 ºC; this temperature is too high because lipase deactivation may 
occur. For this reason, the reaction was made at 50 ºC, since at this temperature 
Novozym 435 was stable [31]. A minimal amount of solvent was used to obtain a fluid 
mixture, which was achieved with a hexane/reaction mixture ratio of 0.8 mL/g. Table 4 
shows that with the FFA extract from POS TAGs with the same total PA content (60-
62.7%) were obtained, but with a redistribution of PA in the TAG molecule that 
increased the PA content at position 2 from 23% to 60.5%. Using commercial PA, both 
total PA content and that at position 2 increased, to 74.6% and 68.5%, respectively. 
Therefore, by acidolysis catalyzed with Novozym 435, it is also possible to modify the 
PA distribution in TAGs of POS.  
 
Table 4 
Acidolysis of palm oil stearin (POS, Table 1) with several PA concentrates (FFAs) to 
produce PA enriched TAGs: influence of temperature, hexane/reaction mixture ratio 
and PA concentration of FFAs on the PA composition of TAGs obtained (mol %). 
PA composition of  
TAGs obtained  
(mol %)  T (ºC) 
Hexane  
(mL/g mixture) 
Source of FFAs 
(PA concentration, mol %) 
Totala Position 2b 
FFAs extract of POS (60% PA)c 61.4 48.4 
PA concentrate (PA1 + PA2, 75% 
PA)d                  64.6 60.3 
37 10 
Commercial PA (98% PA) 72.5 68.2 
FFAs extract of POS (60% PA)c 62.7 60.5 50 0.8 
Commercial PA (98% PA) 74.6 68.5 
a,
 
b
 as in Table 1.  
c
 FFAs extract from the saponification of POS.  
d
 PA concentrate obtained from the first and second crystallizations.  
Operational conditions: 2.5 g POS, 2.5 g FFAs (FFAs/POS ratio 3:1 mol/mol), 0.5 g Novozym 435 (10% 
w/w with respect to the reaction mixture), 24 h, 200 rpm. 
 
The following experiments were carried out with commercial PA (98% PA) in 
order to attain maximum PA content at position 2. However, the results shown in Table 
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4 indicate that this procedure also achieved high PA enrichment at position 2 with the 
FFA mixture from the saponification of POS and with the PA rich FFA obtained by 
crystallization. With commercial PA the results at 37 ºC and 10 mL/g were similar to 
that obtained at 50 ºC and 0.8 mL/g (Table 4); for this reason it was decided to use the 
lower temperature (37 ºC and 10 mL/g) to operate in conditions of higher lipase stability 
and to avoid using volatile solvents at high temperature.  
 With regard to the influence of FFA/POS molar ratio, in previous experiments 
the acidolysis reactions were carried out at the stoichiometric ratio (FFA/TAG molar 
ratio 3:1). In this work experiments at FFA/POS molar ratios of 1, 2, 3, 4 and 6 were 
carried out. Both the total content and the PA content at position 2 remained practically 
constant in these experiments. Taking into account this result the stoichiometric molar 
ratio was maintained for further experiments. 
 
3.2.2. Influence of the intensity of treatment (IOT) 
 
The IOT is the lipase amount × reaction time/POS amount (limiting reagent) and 
it is a useful parameter for the scaling up of enzymatic reactions [32, 27]. The habitually 
used lipase amount ranges between 10% and 25% of the amount of reaction mixture. In 
these experiments 0.5 g POS and 0.5 g commercial PA (98% PA) were used and the 
lipase amount used was constant (0.1 g, i. e. 10% of reaction mixture); the IOT was 
modified by varying the reaction time. Table 5 shows the PA contents at the three 
positions and at position 2 of TAGs obtained from commercial PA and from PA 
concentrate obtained by crystallization.  This table shows that the PA content increased 
with the IOT to values of about 10 g lipase h/g POS, remaining constant for higher IOT 
values. The PA content increases to 79.2%, which is an intermediate value between the 
PA contents in the POS (60%) and in the commercial PA (98%). The PA content at 
position 2 attained similar values, although somewhat lower than the total PA content. 
In this way, TAGs were obtained with 79.2% PA and 74.5% PA at position 2.  
In the acidolysis of POS with the PA concentrate obtained by crystallization 
(75.1% PA) TAGs with PA contents of over 70% were obtained, at IOT of about 19-20 
g lipase h/g POS. In these TAGs the PA is distributed homogeneously because position 
2 also contains 70% PA.  
Chen et al. [23] obtained tripalmitin by alcoholysis of glycerol with 98.3% pure 
ethyl palmitate, catalyzed by Novozym 435. These authors attained conversions of 
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about 88% with 91% mol of tripalmitin. However, the procedure used in this work 
seems more adequate to produce a PA enriched natural oil. 
 
Table 5 
Acidolysis of POS (Table 1) with commercial PA (98% PA) and a PA concentrate (FFAs) 
obtained by crystallization (75.1% PA): influence of reaction time and IOT (g lipase × 
reaction time/g POS) on the PA composition (mol %) of enriched TAGs. 
PA composition of TAGs obtained (mol %) 
From commercial  
PA (98% PA)  
From PA concentrate        
(75.1% PA) 
IOT a 
(g lipase×h/g POS) 
Totalb Position 2c Totalb Position 2c 
0 60.0 23.0 60.0 23.0 
0.4 58.6 -   
0.8 62.8 -   
1.2 63.4 -   
1.6 68.9 -   
4.8 72.5 68.2 64.6 60.3 
9.6 79.2 74.5 68.1 63.5 
14.4 76.4 -   
19.2 76.9 - 70.7 70.5 
a
 The intensity of treatment (IOT) was increased keeping constant the lipase and POS amounts and by 
increasing the reaction time. 
b,
 
c
 as in Table 1.  
Operational conditions: 0.5 g POS, 0.5 g commercial PA (98% PA) or PA concentrate (75.1%), 0.1 g 
Novozym 435, 10 mL hexane, 37 ºC and 200 rpm. 
 
 
3.3. Scaling up of the acidolysis reaction 
 
After selecting the most adequate operational conditions for the PA enrichment 
of TAGs at position 2, the process was scaled up, carrying out experiments in a 1.5 L 
reactor, multiplying by 100 the reaction mixture and lipase amounts used in the 
experiments shown in Table 5. Figure 3 shows the influence of IOT on the PA content 
of the TAGs obtained. It is observed that while the total PA content increases from 60% 
to about 80%, the PA content at position 2 increases from 23% to almost the same final 
content (75%); these incorporations were achieved for an IOT of about 10 g lipase × h/g 
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POS (reaction time of 48 h). These results are identical to those obtained in the low-
scale experiments in the same conditions (Table 5), which confirms the validity of the 
scaling-up approach (maintaining a constant IOT). 
 
Fig. 3. Scaling up of acidolysis reaction of POS (Table 1) with commercial PA (98% 
PA): influence of intensity of treatment (IOT g lipase × time/g POS) on the PA content 
(mol %) of enriched TAGs (♦) and on the PA content at position 2 (■). Operational 
conditions: 50 g POS, 50 g commercial PA, 10 g Novozym 435, 1 L hexane, 37 ºC and 200 rpm. 
 
3.4. Lipase stability 
 
Figure 4 shows that lipase Novozym 435 remains stable over at least 10 uses in 
the operational conditions used in the acidolysis of POS with commercial PA, since 
both the total PA content and that at position 2 remained approximately constant over 
the 10 acidolysis reactions catalyzed by the same lipase.  
The stability of lipase in the storage conditions was also tested. Acidolysis 
reactions were catalyzed by a lipase which remained stored for 28 months at 5ºC. The 
PA content of TAGs obtained in three acidolysis reactions carried out at 3, 16 and 28 
months of storage was the same; these experiments show the great stability of Novozym 
435, since after 28 months of storage its activity remained constant.  
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Fig. 4. Influence of the number of uses of lipase Novozym 435 on its activity, 
determined as the PA content in the enriched TAGs obtained by acidolysis of POS with 
commercial PA. Operational conditions: POS/commercial PA ratio 1:1 w/w, 37 ºC, 10 mL hexane/g 
reaction mixture, IOT = 9.6 g Novozym 435 × h/g POS. 
 
3.5. Purification of PA enriched TAGs 
 
The acidolysis products were mixtures with approximately 50% FFAs, 2-4% 
diacylglycerols (DAGs) and 46-48% TAGs (weight percentages determined by TLC-
FID). The purification of TAGs, by removal of FFAs, was carried out by the two 
operational modes described in Figures 2a and 2b. Both methods are based on 
saponifying FFAs with KOH hydroalcoholic solutions and extracting TAGs with 
hexane.  
Table 6 shows that the first procedure produced 99.1% pure acylglycerols 
(TAGs + DAGs) with 95% yield. The second procedure also obtained 99.3% pure 
acylglycerols, but the recovery yield was below 82%. This second procedure consumed 
half of the solvents consumed in the first one, but it is more laborious, since it is 
necessary to carry out a phase separation by centrifugation and more hexane additions 
and washing with water than in procedure I. Table 7 shows the fatty acid composition of 
purified TAGs (which account for about 95% of final acylglycerols). 
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Table 6 
Purification of PA enriched TAGs obtained by acidolysis of POS and commercial PA: 
purities and yields. 
Experimental procedure  
I  (Fig. 2a) II  (Fig. 2b) 
Volume of hexane consumed per gram of mixture 
(FFA/acylglycerol 1:1 w/w) to separate (L) 0.15 0.08 
Acylglycerol purity in the hexanic phase I  
(% of TAGs + DAGs on total lipids) 99.1 99.3 
Recovery yield of TAGs in the hexanic phase I (%) 80.2 69.3 
Acylglycerol purity in the hexanic phase II  
(% of TAGs + DAGs of total lipids) 99.5 99.5 
Recovery yield of TAGs in hexanic phase II (%) 14.8 12.4 
Recovery yield of TAGs in hexanic phases I and II (%) 95.0 81.7 
Experiments carried out with 3 g TAGs, DAGs and FFAs mixture from acidolysis reaction. 
 
 
Table 7 
Fatty acid composition (mol %) of TAGs obtained by acidolysis of POS and 
PA and later purification by procedure I (Figure 2a and Table 6). 
TAGs obtained (mol %) 
with commercial PA (98% PA) with PA concentrate (75.1% PA) Fatty acid 
Totala Position 2 b Totala Position 2b 
14:0 0.8 n.d. 1.1 1.3 
16:0 79.2 74.5 70.7 70.5 
18:0 2.7 2.8 6.0 5.4 
18:1n9 14.9 18.8 18.3 18.5 
18:2n6 2.4 3.9 3.9 4.3 
a,
 
b
 as in Table 1.  
Operational conditions: 0.5 g POS, 0.5 g commercial PA or PA concentrate, 10 mL hexane, 
37 ºC and 200 rpm. IOT 9.6 g lipase x h/g POS with commercial PA and 19.2 with PA 
concentrate. 
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4. Conclusions 
 
This work determined optimal operational conditions for obtaining PA enriched 
TAGs at position 2. These TAGs will be used as intermediates for the synthesis of 
structured TAGs. PA enriched TAGs was produced by acidolysis of POS (60% PA) and 
FFAs highly rich in PA, catalyzed by the lipase Novozym 435. The greater the PA 
content of FFAs, the greater PA content of the TAGs obtained.  
Carrying out acidolysis reaction with a 3.1 PA/POS molar ratio, at 37 ºC, with 
10 mL hexane/g reaction mixture and an IOT of around 10 g Novozym 435×h/g POS, 
TAGs were obtained with about 79% PA and 75% of this fatty acid at position 2. These 
TAGs were separated from FFAs after the acidolysis reaction with a recovery yield of 
around 95%.  
 The acidolysis reaction was scaled up 100 times (from 0.5 g to 50 g POS), 
obtaining identical results. It was also proved that lipase Novozym 435 can be reused at 
least 10 times in the operational conditions optimized in this work without observing an 
appreciable activity loss. Furthermore, Novozym 435 was shown to be stable for at least 
28 months stored at 5 ºC.  
 From the experiments and results obtained in this work it can be concluded that 
it is possible to use only a natural vegetable oil highly rich in PA (POS, with 60% PA 
and 23% of this fatty acid at position 2) to obtain a TAG with 70.7% PA and 70.5% PA 
at position 2. This process consist of 4 steps: (1) saponification of POS, (2) 
crystallization of FFAs to obtain PA enriched FFAs (75.1% PA), (3) acidolysis of POS 
with these FFAs, catalyzed by Novozym 435, to obtain PA enriched TAGs at position 2 
and (4) separation of the TAG-FFA mixtures to obtain TAGs with purity and yields of 
about 95%. Moreover, in steps (1) and (2) OA enriched FFAs were obtained, and these 
may be used later to produce structured TAGs with the structure OA – PA – OA by 
acidolysis of PA enriched TAGs at position 2 with OA enriched FFAs, catalyzed by a 
1,3 specific lipase. 
 
Acknowledgments 
 
This research was supported by grants from the Ministerio de Educación y 
Ciencia (Spain), Projects AGL2003-03335 and CTQ2007-64079. Both projects are co-
funded by the FEDER (European Fund for Regional Development). 
 21 
References 
 
[1] Braco U. Effect of Triglyceride Structure on Fat Absorption. Am J Clin Nutr 
1994;60:1002S-1009S. 
 
[2] Decker EA. The role of stereospecific saturated fatty acid positions on lipid 
nutrition. Nutr Rev 1996;54:108-110. 
 
[3] Small DM. The effects of glyceride structure on absorption and metabolism. Annu 
Rev Nutr 1991;11:413-434. 
 
[4] Innis MS, Dyer R. Dietary  triacylglycerols with palmitic acid (16:0) in the 2-
position increase 16:0 in the 2-position of plasma and chylomicron triacilglycerols, but 
reduce phospholipid arachidonic and docosahexaenoic acids, and alter cholesteryl ester 
metabolism in formula-feed piglets. J Nutr 1997;127:1311-9. 
 
[5] Lucas A, Quinlan P, Abrams S, Ryan S, Meah S, Lucas PJ. Randomised controlled 
trial of a synthetic triglyceride milk formula for preterm infants. Arch Dis Child Fetal 
Neonatal 1997;77:F178-F184. 
 
[6] Nelson MC, Innis MS. Plasma lipoprotein fatty acids are altered by the positional 
distribution of fatty acids in infant formula triacylglycerols and human milk. Am J Clin 
Nutr 1999;70:62–9. 
 
[7] Kennedy K, Fewtrell MS, Morley R, Abbott R, Quinlan PT, Wells JCK, Bindels JG, 
Lucas A. Double-blind, randomized trial of a synthetic TAG in formula-fed term 
infants: effects on stool biochemistry, stool characteristics, and bone mineralization. Am 
J Clin Nutr 1999;70:920-7. 
 
[8] Dostson KD, Jerrell JP, Picciano MF, Perkins EG. High-Performance liquid 
chromatography of human milk triacylglycerols and gas chromatography of component 
fatty acids. Lipids 1992;27:933-9. 
 
 22 
[9] Martin JC, Bougnoux P, Antoine JM, Lanson M, Couet C. Triacylglycerol structure 
of human colostrum and mature milk. Lipids 1993;28:637-43. 
 
[10] Hanna FM, Navarrete DA, Hsu FA. Calcium-fatty acid absorption in term infants 
fed human milk and prepared formulas simulating human milk. Pediatrics 1970;45:216-
24. 
 
[11] Carnielli P, Luijendijk HT, Van Goudoever B, Sulkers J, Boerlage A, Degenhart J, 
Sauer JJ. Structural position and amount of palmitic acid in infant formulas: effects on 
fat, fatty acid, and mineral balance. J Pediatr Gastroenterol Nutr 1996;23:553-60. 
 
 [12] López A, Castellote AI, Campoy C, Rivero M, Tormo R, Infante D, López MC. 
The influence of dietary palmitic acid triacylglyceride position on the fatty acid, 
calcium and magnesium contents of at term newborn faeces. Early Hum Dev 
2001;65:S83-S94. 
 
[13] Sahin N, Akoh CC, Karaali A. Lipase-catalyzed acidolysis of tripalmitin with 
hazelnut oil fatty acids and stearic acid to produce human milk fat substitutes. J Agric 
Food Chem 2005;53:5779-83. 
 
[14] Lai OM, Low CT, Akoh CC. Lipase-catalyzed acidolysis of palm olein caprylic 
acid in a continuous bench-scale packed bed bioreactor. Food Chem 2005;92:527–33. 
 
 [15] Schmid U, Bornscheuer UT, Soumanou MM, McNeil GP, Schmid RD. Highly 
selective synthesis of 1,3-oleoyl-2-palmitoylglycerol by lipase catalysis. Biotechnol 
Bioeng 1999;64:678-84.  
 
[16] Pfeffer J, Freund A, Bel-Rhlid R, Hansen CE, Reuss M, Schmid RD, Maurer SC. 
Highly efficient enzymatic synthesis of 2-MAG and SL and their production on a 
technical scale. Lipids 2007;42:947–53.  
 
[17] Hunter JE. Studies on effects of dietary fatty acids as related to their position on 
triglycerides Lipids 2001;36:655–68. 
 
 23 
[18] Maduko CO. Park YW. Modification of fatty acid and sterol composition of 
caprine milk for use as infant formula. Int Dairy J 2007;17:1434–40. 
 
[19] Yang T, Xu X, He C, Li L. Lipase-catalyzed modification of lard to produce 
human milk fat substitutes. Food Chem 2003;80:473-81. 
 
[20] Zhao H, Lu Z, Lu F, Bie X, Liu Z, Zeng X. Lipase-catalysed acidolysis of lard with 
caprylic acid to produce structured lipid. Int J Food Sci Technol 2006;41:1027-32. 
 
[21] Nielsen NS, Yang T, Xu X, Jacobsen C. Production and oxidative stability of a 
human milk fat substitute produced from lard by enzyme technology in a pilot packed-
bed reactor. Food Chem 2006;94:53–60. 
 
[22] Brokerhoff H, Yurkowski M. Stereospecific analyses of several vegetable fats. J 
Lipid Res 1966;7:62-4. 
 
[23] Chen M, Vali SR, Lin J, Ju Y. Synthesis of structured lipid 1,3-dioleoyl-2-
palmitoylglycerol from palm oil. J Am Oil Chem Soc 2004;81:525-32. 
 
[24] Irimescu R, Furihata K, Hata K, Iwasaki Y, Yamane T. Utilization of reaction 
medium-dependent regiospecificity of Candida antarctica lipase (Novozym 435) for the 
synthesis of 1,3-dicapryloyl-2-docosahexaenoyl (or eicosapentaenoyl) glycerol. J Am 
Oil Chem Soc 2001;78:285-9. 
 
[25] Robles A, Giménez A, García F, Sánchez JA, Molina E, Contreras A. 
Concentration and purification of stearidonic, eicosapentaenoic and docosahexaenoic 
acids from cod liver oil and the marine microalga Isochrysis galbana.  J Am Oil Chem 
Soc 1995;72:575-83. 
 
[26] Hita E, Robles A, Camacho B, Ramírez A, Esteban L, Jiménez MJ, Muñío MM., 
González PA, Molina E. Production of structured triacylglycerols (STAG) rich in 
docosahexaenoic acid (DHA) in position 2 by acidolysis of tuna oil catalyzed by 
lipases. Process Biochem 2007;42:415-22. 
 
 24 
[27] Hita E, Robles A, Camacho B, González PA, Esteban L, Jiménez MJ, Muñío MM, 
Molina E.. Production of structured triacylglycerols by acidolysis catalyzed by lipases 
immobilized in a packed bed reactor. Biochem Eng J 2009; 46: 257-264. 
 
[28] Muñío MM, Esteban L, Robles A, Hita E, Jiménez MJ, González PA, Camacho B, 
Molina E. Synthesis of 2-monoacylglycerols rich in polyunsaturated fatty acids by 
ethanolysis of fish oil catalyzed by 1,3 specific lipases. Process Biochem 
2008;43:1033–9. 
 
[29] Muñío MM, Robles A, Esteban L, González PA, Molina E. Synthesis of structured 
lipids by two enzymatic steps: Ethanolysis of fish oils and esterification of 2-
monoacylglycerols. Process Biochem 2009;44:723-30. 
 
[30] Lien EL, Boyle FG, Yuhas R, Tomarelli RM, Quinlan P. The effect of triglyceride 
positional distribution on fatty acid absorption in rats. J Pediatr Gastroenterol Nutr 
1997;25:167-74. 
 
 [31] Robles A, Esteban L, Giménez A, Camacho B, Ibáñez MJ, Molina E. Lipase-
catalyzed esterification of glycerol and polyunsaturated fatty acids from fish and 
microalgae oils. J Biotechnol 1999;70:379–91. 
 
[32] Camacho B, Robles A, Camacho F, González PA, Molina E. Production of 
structured triglycerides rich in n-3 polyunsaturated fatty acids by the acidolysis of cod 
liver oil and caprylic acid in a packed-bed reactor: equilibrium and kinetic. Chem Eng 
Sci 2002;57:1237–49. 
 
 
